Introduction
The macrosegregation has been one fascinating but lancinating focus for solidification research field for a long history, [1] [2] [3] because there are still some complicated scientific questions without complete clarification until now. It is generally accepted that the macrosegregation can be attributed to the interdendritic thermosolutal convection. [4] [5] [6] Namely, in the mushy zone, the solute partition between solidified crystal and the residual melt will produce the solute enriched interdendritic melt. According to the theory of fluid mechanics, the enriched interdendritic melt will flow under the effects of density difference and gravity, 7) which will change the solute distribution and result in the macrosegregation. Meanwhile, some important traditional and new opinions considered the influence of solidification shrinkage. And the main contributing factor for the enriched melt flow and the solute redistribution is attributed to the melt feeding. 8, 9) There is no doubt that both flow patterns exist in actual solidification process. In the early stage of solidification with low solid fraction, the thermosolutal convection plays the main role, and in the later stage of solidification with high solid fraction, the melt feeding is the dominant flow pattern. The key question lies in which flow pattern dominates the final macrosegregation phenomenon. We try to clarify this question in current work through special designed local thermal control, which may distinguish the significance of the two different flow patterns on macrosegregation.
Experiment Procedure
Two 500 kg steel ingots were produced using sand mold under special cooling conditions, which are illustrated in Fig. 1 . For the ingot 1, a steel rod (Φ10 mm) and a graphite rod (Φ40 mm) were intruded into the melt as the electrodes to conduct pulsed current (5 Hz, produced by 140 V capacitor) until the ingot was fully solidified. The pulsed current will produce the local thermal point around the electrode because of the Joule heat effect. And for the ingot 2, a CO2 gas cooled graphite cooling chamber was intruded into the steel melt in the feeder head, which produces the accelerated cooling. The nominal chemical compositions (weight percent) of the ingots is C 0.30, Si 0.12, Mn 0.33, S 0.03, P 0.028, Cr 0.30, Ni 0.06, Cu 0.03, and Fe balanced. The steel was melted at 1 600°C by induction furnace, and bottom filled at 1 550°C in the atmosphere after Al-killed process. The solidified ingots were cut in half along the longitudinal axle, and were grinded and polished. In order to reveal the macrosegregation, the sulfur print and macro-etching (etched by 20vol%HNO3-5vol%H2SO4-H2O solution, 20vol%HNO3-H2O solution and 5vol%HNO3-H2O solution, rinsed by hot water and C2H5OH, and subsequently dried by hot air) were carried out.
Results and Discussions
The macro-etching and sulfur print pictures of ingot 1 are shown in Figs. 2(a) and 2(b), respectively. A usual positive segregation zone appears in the feeder head position accompanied with the shrinkage cavities. This is the general information which can not determine the contributions of thermosolutal convection and melt feeding flow, because both the thermosolutal convection in the early solidification stage and the melt feeding flow in the later solidification stage can result in such segregation distribution. It should be noted that an unusual positive segregation zone A appeared at the position about 50 mm away from the bottom of the ingot, which should be carefully investigated and analyzed. First, the thermosolutal convection at the early solidification stage obviously can not produce such obvious positive segregation at such a special position close to ingot bottom. Second, the shape of the positive segregation zone roughly is an inverse circular cone, which leads to incomprehensible consideration of the thermosolutal convection. Actually, the shape of this positive segregation zone implies the following mechanism. As the crystal shrinks, the residual enriched interdendritic melt will be driven to feed the tearing cavity Note © 2014 ISIJ simultaneously, which finally produces the macrosegregation. This mechanism is further supported by the detailed observation ( Fig. 2(c) .01 in the un-segregation microstructure, respectively. Based on our proposition that this positive segregation zone is caused by enriched melt feeding induced by crystal volume shrinkage, the position of this positive segregation zone A is reasonable. The excited pulsed current will provide the extra heat to produce artificial thermal center. At the thermal center, the final crystal shrinkage will attract the inflow of enriched melt, namely feeding the tearing cavity. In order to further verify our proposition, the macro-etching picture and sulfur print picture of ingot 2 are shown in Fig. 4 . By exerting the cooling chamber in the feeder head, a positive segregation zone with huge cavity appeared. There is no doubt that the positive segregation zone coincides with the final solidification zone. Interestingly, there is no obvious positive segregation around the huge upper right crack. Meanwhile, at the symmetrical upper left position, a positive segregation zone appeared without cavity. The above phenomena can be explained as follows. At the later stage of solidification, the crystal volume shrinkage and tearing produce the positive segregation zone through interdendritic enriched melt feeding. Simultaneously, cavity generates and develops with the enriched melt feeding. Around the upper right crack, no identifiable enriched melt feeding occurs. Therefore, no positive segregation zone appeared around the cavity. Because no cavity generates and compensates the crystal volume shrinkage in the upper left position, the enriched melt feeding happens and corresponding positive segregation zone appeared. If we consider the thermosolutal convection mechanism for such macrosegregation phenomenon, the bulk enriched melt probably forms at the early solidification stage and cavity forms at the later solidification stage. Therefore, a positive segregation zone should also appear around the upper right cavity. This estimation was not supported by our observation. Therefore, for the macrosegregation in the steel ingots, the crystal volume shrinkage and enriched interdendritic melt feeding should play a major role. Accordingly, positive segregation zone at the bottom of the ingot doesn't appear in the ingot 2 because no excited pulsed current is supplied to produce the additional thermal center and induce the inflow of enriched melt.
Summary
In summary, the movement and the redistribution of enriched melt are indispensable for the macrosegregation phenomenon in steel ingot. By designing special solidification process, the contribution of thermosolutal convection and melt feeding flow to the macrosegregation is clarified. In this experiment, the enriched melt feeding is the dominant mechanism for macrosegregation. The macrosegregation in steel ingot happens mainly at the later solidification stage of local ingot or whole ingot.
